H igh water concentrations and oxidized conditions significantly modify the crystallization sequence in arc magmas [1] [2] [3] , and are consequently an important reason for the bimodal distribution of terrestrial crustal compositions ) compared with mid-ocean ridge basalts 5 (MORBs). Correlations between oxidation state, water, and trace element and isotope ratios characteristic of slab-derived fluids have led to the conventional view that the high ƒO 2 values of arc melts are derived externally during fluid-enabled melting in the mantle [5] [6] [7] (Fig. 1 ). However, this hypothesis is inconsistent with the concentrations of redox-sensitive incompatible major and trace elements in primitive arc basalts, which, when normalized to redox-insensitive elements of similar compatibility, are indistinguishable from MORBs [8] [9] [10] . As a result, alternative models for melt oxidation have been proposed, focusing on aspects of crustal differentiation-particularly crystal fractionation and degassing 9, [11] [12] [13] . As yet, none of these mechanisms have reached a level of consensus in the geological community 12, 14 . Here, we provide evidence from Fourier transform infrared (FTIR) spectroscopy of mantle wedge orthopyroxene showing that arc melts are already oxidized before crustal differentiation. We then use these data to support a mechanism that can resolve the discrepancy between current models of arc magma oxidation.
H igh water concentrations and oxidized conditions significantly modify the crystallization sequence in arc magmas [1] [2] [3] , and are consequently an important reason for the bimodal distribution of terrestrial crustal compositions 4 . Despite the apparent association of H 2 O and ƒO 2 ) compared with mid-ocean ridge basalts 5 (MORBs). Correlations between oxidation state, water, and trace element and isotope ratios characteristic of slab-derived fluids have led to the conventional view that the high ƒO 2 values of arc melts are derived externally during fluid-enabled melting in the mantle [5] [6] [7] (Fig. 1 ). However, this hypothesis is inconsistent with the concentrations of redox-sensitive incompatible major and trace elements in primitive arc basalts, which, when normalized to redox-insensitive elements of similar compatibility, are indistinguishable from MORBs [8] [9] [10] . As a result, alternative models for melt oxidation have been proposed, focusing on aspects of crustal differentiation-particularly crystal fractionation and degassing 9, [11] [12] [13] . As yet, none of these mechanisms have reached a level of consensus in the geological community 12, 14 . Here, we provide evidence from Fourier transform infrared (FTIR) spectroscopy of mantle wedge orthopyroxene showing that arc melts are already oxidized before crustal differentiation. We then use these data to support a mechanism that can resolve the discrepancy between current models of arc magma oxidation.
Peridotite xenolith textures and equilibration conditions
The samples studied are mantle harzburgite xenoliths recovered from seamounts surrounding Ritter Island-part of the active West Bismarck Island Arc. Previous studies identified two distinct groups based on their texture, geochemistry and petrogenetic interpretation [15] [16] [17] . The first group represents the ambient mantle. They display a well-equilibrated protogranular texture, low equilibration temperatures (<700-800 °C) and highly depleted major and trace element mineral compositions, interpreted to reflect high degrees of hydrous melting in a previous subduction zone setting, followed by subsolidus cooling 16 . Pressure is best constrained by the low equilibration temperature of these protogranular peridotites and the absence of plagioclase or garnet. Based on a typical arc geotherm 18 , pressure estimates of 1.2-1.5 GPa are appropriate for this sample suite. The studied samples thus derive from the uppermost part of the mantle wedge 16 . The second group contains evidence for modification of this original texture through reaction with arc melts within the modern-day mantle wedge (Fig. 1) , before their entrainment and eruption as xenoliths in the host lava 15 . These reaction textures vary considerably, both in their physical nature and their occurrence, but typically take the form of veins or patches of secondary orthopyroxene (with or without clinopyroxene and glass), formed at the expense of olivine 16 . Geochemical features associated with these textures include varying degrees of major and trace element modification of the pre-existing phases, reflected in higher equilibration temperatures (900-1,200 °C) [15] [16] [17] . The ƒO 2 of the protogranular, ambient mantle samples spans a wide range, from reduced (0.8 log units below the fayalite-magnetite-quartz (FMQ) buffer) to moderately oxidized (Δlog[FMQ] + 0.2) 17 . The samples bearing textural evidence for melt-rock reaction have the most oxidized compositions (Δlog[FMQ] + 1.0-1.5), indicating that the range in ƒO 2 of the sample suite is controlled by the proximity of the reduced ambient mantle to oxidized percolating melt channels (Fig. 1) . The oxidized nature of primary mantle melts is supported by a previous assessment of the host basalt ƒO 2 , based on olivine-melt V partitioning, which yielded a value of Δlog[FMQ] + 2.2 (ref. 15 ).
Relationships between infrared spectra and ƒO 2 A subset of Ritter harzburgites was selected for measurements of H 2 O concentration by FTIR. Samples were selected to encompass a broad range of ƒO 2 (−0.8 to +1.0 Δlog[FMQ]
17
) and temperature values (~700-1,000 °C 16, 17 ) so that the H 2 O concentrations and incorporation mechanisms could be assessed as a function of these key parameters. Of the two primary minerals present, orthopyroxene Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene Peter Tollan * and Jörg Hermann Elevated H 2 O concentrations and oxygen fugacities are two fundamental properties that distinguish magmas formed in subduction zones from new crust generated at mid-ocean ridges. However, the mechanism of magma oxidation and how it relates to the increase in H 2 O remain unclear. In this study, we used infrared spectroscopy of mantle wedge orthopyroxene to trace the temporal and spatial evolution of oxygen fugacity during the transport of hydrous arc melts towards the crust. A positive correlation between equilibrium oxygen fugacity and orthopyroxene H 2 O concentrations for the peridotite samples studied allowed the assignment of specific, commonly observed absorption bands to redox-sensitive crystallographic defects. H 2 O content associated with these redox-sensitive defects increases in concentration across individual crystals, uniquely preserving the time-dependent transition from reduced to oxidized conditions during the migration of hydrous melts through the mantle wedge. A separate but related process of reaction with H 2 occurring primarily during the earliest stages of melt-mantle reaction may be fundamental in generating the oxidized nature of hydrous melts. Our study proposes that the oxidized nature of arc magmas may not be a primary feature, but is instead acquired progressively as hydrous primary melts react with the surrounding mantle.
is of particular interest, since it is the dominant host of H in the depleted upper mantle, and the slower rate of H diffusion compared with olivine means the concentrations are less likely to be modified during magmatic ascent [19] [20] [21] [22] . Average FTIR spectra were acquired using the cores of multiple residual orthopyroxenes per sample, and subsequently deconvoluted into their constitutive absorption bands, located at 3,600, 3,544, 3,520, 3,420-3,390, 3,320 and 3,060 cm ) are ubiquitous. Bands between 3,600 and 3,590 cm −1 are present in nearly 90% of published spectra, while bands at 3,320-3,300 and 3,075-3,060 cm −1 are observed in more than half ( Supplementary Fig. 1 ). Note that the presence of interstitial phases (glass and clinopyroxene) within orthopyroxene veins and patches 16 prevented FTIR measurement of secondary orthopyroxene in reacted samples.
There is a positive correlation (coefficient of determination, R 2 = 0. Supplementary Fig. 7) ; however, the very low Al 2 O 3 concentrations of the orthopyroxenes (1.2-1.7 wt.%) are probably a governing factor in the low overall H 2 O concentrations compared with the global mantle range (0 to ~400 ppm) 19, 20 . Comparison of the integrated absorption of individual bands shows highly variable behaviour (Fig. 2) . Bands with substantial differences in intensity between samples (3,544 and 3,520, 3,320 and 3,060 cm −1 ) correlate strongly (R 2 = 0.87-0.93) with ƒO 2 , whereas others do not (3,600 and 3,420-3,395 cm −1 ). Based on this disparate behaviour, we are able to link specific infrared bands in natural orthopyroxene with a physical parameter. The redox-sensitive bands are interpreted to reflect coupling of H with a heterovalent cation (probably Fe), which has a valence state of +2 or +3, depending on the ƒO 2 (see Supplementary Information for details of the incorporation reactions). While Cr can also occur in both +2 and +3 valence states, over the range of ƒO 2 of the samples, the bulk valence is expected to be constant and hence Cr is not a plausible candidate for generating the relationship with ƒO 2 (ref. 23 ). The lack of correlation between the remaining bands and any element or intensive variable means that it is most likely that they reflect hydrated Si vacancies, consistent with experimental studies 24 . We rule out the role of temperature in contributing significantly to the infrared band variations, since an increase in temperature is unlikely to generate distinctly new hydrous defects. We note that band-defect assignments have also been made for experimental samples; however, the bands generated in these experiments tend to differ significantly compared with natural samples 22, 24 . To further constrain the origin of the relationships between H 2 O and ƒO 2 , high-resolution (5.4-10.8-µm-scale) FTIR maps and profiles were made of orthopyroxene crystals from each sample ( Fig. 3 and Supplementary Fig. 3-4) . Most of the samples show equilibrium with the ambient mantle conditions for H 2 O, as represented by relatively flat core concentrations. Occasionally, H-loss profiles towards the crystal rims are observed, probably in response to a decrease in host magma ƒH 2 O during ascent 15 . However, one protogranular sample (67-02B(1) 16 ; Fig. 2 ) uniquely captures the transition between reduced, dry ambient mantle and oxidized, wet reacted mantle (Fig 3 and Supplementary Figs. 3 and 4) . Total integrated absorption across orthopyroxenes from this sample increases substantially from crystal cores to rims, overprinted by a small decrease in the outermost 50 µm. Deconvoluting the total absorbance into the individual bands as before reveals variable behaviour for redoxsensitive and -insensitive bands. Redox-sensitive bands show up to an order of magnitude increase from core towards the rim (typically a factor of 2-5, depending on the band and crystal), before decreasing. While a previous study of an end-member, highly melt-reacted peridotite shows H 2 O incorporation mediated by coupled substitution with other diffusing trace elements 15 , the mechanism of H 2 O incorporation in the samples studied here is different. Major element profiles along the crystals containing H 2 O zoning are essentially homogeneous ( Supplementary Fig. 6 ), and the bulk rock texture and mineral chemistry are indistinguishable from other protogranular, ambient mantle samples 16, 17 . Hence, H 2 O incorporation is independent of bulk chemical changes in the crystals, within the limits of detection. In contrast, redox-insensitive bands show more typical diffusive loss profiles, with approximately homogeneous concentrations towards the core and more pronounced H loss at the rim. It is important to emphasize that, although H in orthopyroxene is in the structural form of hydroxyl (O-H), it can be acquired from different H-bearing species in the fluid phase: H 2 and H 2 O. However, the reaction of orthopyroxene with H 2 requires reduction of Fe 3+ , which should result in an opposite trend for ƒO 2 to that observed here 19, 22 . Therefore, the mechanism responsible involves a reaction involving 
How H 2 O incorporation in orthopyroxene monitors ƒO 2
The first-order conclusion that can be drawn from this dataset is that hydrous arc melts must already be oxidized by the time they reach the upper mantle wedge. The relative intensities of redox-sensitive and -insensitive infrared bands described here provide a novel method for monitoring mantle ƒO 2 , although application to other sample suites would require the effect of pressure on infrared band behaviour to be taken into acount 24 . The range of textures present in the Ritter suite [15] [16] [17] , and the gradients observed in equilibration conditions imply that modification by melt-rock reaction is gradational, depending on the proximity to the melt (Fig. 1) or, analogously, to the timescale of melt-rock reaction for a given distance from a melt channel. Immediately at the point of reaction, modal metasomatic changes to the peridotite composition occur (namely, the formation of secondary mineral veins), which show H 2 O incorporation mediated by bulk chemical modification 15 . In a spatially limited zone surrounding the melt channel, the bulk chemistry and texture of the ambient mantle remain unmodified, but mineral chemistry will progressively re-equilibrate with the temperature and ƒO 2 of the melt through electron exchange and intermineral diffusion of temperature-sensitive components (dependent on the kinetics of the diffusing components). Concurrently, H 2 O rapidly diffuses into the mantle along grain boundaries 25 , followed by incorporation into orthopyroxene mediated by the elevated ƒO 2 (see Supplementary Information) .
The increasing concentrations of redox-sensitive hydrous point defects across single orthopyroxene crystals provide temporal information on the changes in ƒO 2 and H 2 O content of the mantle wedge, showing that both of these properties are modified rapidly from their reduced and dry ambient mantle conditions. To place a more precise constraint on the timescale for this process, the diffusion of H associated with redox-sensitive bands was modelled (see Supplementary Information for detailed explanation and figures). Assuming a temperature of H diffusion similar to the average temperature of samples with reaction textures, the transformation of reduced to oxidized mantle occurred over a period of ~1 month. We therefore suggest that the range of ƒO 2 and associated H 2 O in orthopyroxene in the Ritter samples reflects the distance from percolating melts induced relatively recently in their petrogenesis, ). b,c, Examples of how redox-insensitive (b) and redoxsensitive (c) band absorbances vary with ƒO 2 . Inset graphs show the selected bands from the deconvolution in a. Error bars represent 1σ of the mean. Sample names are consistent with previous studies 7, 16, 17 .
rather than more long-term properties of the mantle wedge inherited previously 17 . A clear distinction must be made between the timescales of this incorporation process, which operated in the mantle, and the later loss of hydrogen triggered during eruption of the xenoliths, as evidenced by the outermost tens of µm at the orthopyroxene rims. The former occurred on timescales of months, while xenolith exhumation was considerably quicker (several hours) 15 . The data reported here show that while orthopyroxene H 2 O contents can be modified during ascent, similarly to olivine, the rate of H diffusion is slow enough to preserve significant information pertaining to mantle processes.
A model for hydrous melt oxidation
Finally, we propose that the interaction of the mantle wedge with passing hydrous melts might also provide new information on the relationship between elevated water contents and the oxidized nature of arc magmas. It has been previously suggested that dissociation of H 2 O in mantle fluids, followed by incorporation of H in mantle olivine by reaction with H 2 , mediated by the reduction of ferric to ferrous iron, may be a viable mechanism for oxidizing hydrous mantle fluids [26] [27] [28] . Instead, we propose a key role for orthopyroxene, due to its greater H 2 O storage capacity and higher amounts of ferric iron compared with olivine. The model we propose for melt oxidation is as follows: hydrous mantle melts and the ambient mantle wedge have an initial ƒO 2 similar to MORBs (~FMQ − 1), consistent with the Sc-V and Fe-Zn systematics of primitive arc basalts [8] [9] [10] . During the earliest stages of melt ascent and reaction with the mantle, H 2 is lost from the melt and incorporated in surrounding orthopyroxene and, to a lesser extent, olivine and clinopyroxene (mechanism 1 in Fig. 1 and equilibria 2 and 3 in the Supplementary Information). This H 2 loss is driven by the large gradient in ƒH 2 between the highly depleted ambient mantle wedge and the hydrous melt, and accomplished by the rapid rates of H diffusion (both along grain boundaries and through mineral lattices 25 ). This early stage of reaction with H 2 results in a net oxidation of the melt and corresponding reduction of the mantle 19, 28 . 2 , as has been observed both experimentally 22 and in other arc mantle peridotite samples 19 . Evidence for this mechanism may be present in the most reduced Ritter peridotites (that is, furthest from the oxidizing influence of the melt channel), which still have ~30 ppm H 2 O (considerably more than would be anticipated given the highly depleted nature of the mantle 16 ). As the increasingly oxidized melts ascend through the mantle wedge, the local mantle adjacent to the melt channels becomes progressively oxidized, leading to H 2 O incorporation by mechanism 2 ( Fig. 1 and equilibria 4 and 5 in the Supplementary Information). This second mechanism does not significantly modify further the ƒO 2 of the melt, but instead acts as a sensor for the evolving ƒO 2 of the melt-peridotite system. The first mechanism involving reaction with H 2 is still likely to happen at these shallow levels of the upper mantle, but only in regions further from the melt channel that are not influenced by the oxidizing effect of intruding melt (but that are still accessible to H 2 due to its rapid diffusivity 25 ). If this model of melt oxidation and sensing operates to the extent suggested here, it would reconcile the apparently contradictory evidence for the origin of the oxidized nature of arc magmas.
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